In this paper modes of action of passive fire protection agents, incorporated chemically into materials and products, are discussed in terms of resistance to igni tion and fire pr opagat ion and reduction in heat release r-a te.
The modes of action of the agents appear to be chemical in nature. The ratio of the yields of CO to CO< increases and the chemical heat of combustion decreases with an increase ln the amount of the agent incorporated into the materials and products.
In the Large-Scale Warehouse Simulation Tests, corrugated paper cartons treated with a passive fire protection agent, identified as A, and a plastic product treated with another agent, identified as B, were found to significantly reduce water demand for fire control, suppression and extinguishment. 
INTRODUCTION
Numerous fires have occurred involving products used in residential, commercial and industrial occupancies, creating hazards to life and property due to generation of heat and chemical compounds.
Hazards associated with the generation of heat are defined as thermal hazards; and those associated with the generation of chemical compounds are defined as non-thermal hazards [1, 2] . In order to reduce andlor eliminate thermal and non-thermal hazards, two types of fire protection techniques are used: 1) active fire protection, and 2) passive fire protection.
Active fire protection techniques utilize the principle of suppression and lor extinguishment of a growing fire by applying agents to the fire.
Application of water to growing fires through sprinklers is one of the most widely used effective active fire protection techniques [3, 4] .
Passive fire protection techniques, on the other hand, util ize the principle of: 1) providing resistance to ignition and fire propagation, and 2) reducing the amounts of heat and chemical compounds generated in fires.
Various types of passive fire protection techniques are used, such as changes in chemical structures, use of fire retardants, coatings and fire barriers, changes in product configurations, arrangements and physical dimensions and others.
There is a growing interest in developing effective passive fire protection techniques, complementary to the active fire protection techniques. In this paper an attempt has been made to elucidate some aspects of the mode of action of the passive fire protection agents.
CONCEPTS Resistance to Ignition and Fire Propagation
The resistance to ignition and fire propagation depends on three parameters 1) Critical Heat Flux (CHF) which is the minimum heat flux at or below which there is no ignition, 2) Thermal Response Parameter (TRP) which is the time taken by the material to absorb heat to raise its temperature to ignit Ion tempera ture [1] , and 3) heat release ra te [1] .
The relationship between time to ignition and external heat flux is expressed as follows [5] :
2) For Thermally Thin Materials The fire propagation velocity for constant heat flux to the surface is expressed as [1, 6] :
where v is the fire propagation velocity (m/s).
Heat Release Rate (4) For sustained fire propagation beyond the ignition zone, the heat flux from the flame or from other external or internal heat sources should be greater than the CHF and time of exposure must satisfy the TRP. For cases where flame is the only heat source, the flame heat flux beyond the ignition zone is a function of the heat release rate [6, 7] . Thus, for a material, (5) where Q is the heat release rate (kW); b is the width of the materials (m) and n is an exponent.
From Eqs. (3) and (5) , for thermally thick materials,
where m is an exponent; and, from Eqs , (4) and (5) , for thermally th in materials,
The values of v decrease as K t k or K t n values increase and/or Q values decrease, which can be accomplished by passive fire protection techniques complementary to the active fire protection techniques.
This concept has recently been utilized for electrical cables [7] [8] [9] , where cables with effective passive fire protection through chemical modifications and fire retardants, defined as Group 1 cables, were found to have difficul ty in sustaining fire propagation beyond the ignition zone and thus do not need active fire protection [9] . Flammabil i ty Apparatuses Used in the Experiments: A) 50kW-Scale j B) 500 kW-Scalej and C) 10,000 kW-Scale.
EXPERIMENTS Quantification of CHF and TRP
For the quantification of CHF and TRP, ignition experiments are performed in our 50 kW-Scale Flammability Apparatus shown in Fig. 1A .
In the experiments, about 100 x 100 mm horizontal samples with thicknesses varying from about 3 to 100 mm are used and time to ignition was measured as a function of external heat flux.
The exper imental data satisfy eqs , (1) and (2) and can be noted in Fig.  2 for 0.006 m thick corrugated paper sheets, which behave as thermally thin materials, and in Fig. 3 for 0.025 m thick polymethylmethacrylate sheet, which behaves as a thermally thick material. From the slopes of the lines, K t tl and K t k values are determined. Extensive data for CHF and K t n and K t k values for various materials have been reported [1, 7, 10, 11] .
Quantification~f Heat Release Rate
For the quantification of heat release rate, three Apparatuses shown in Figure 1 are used. For small-scale experiments, the 50 kW-and 500 kW-Scale Flammability Apparatuses, shown in Figs. 1A and 1B respectively, are used. For large-scale experiments, the 10,000 kW-Scale Flammability Apparatus shown in Fig. 1C , is used.
In the experiments measurements are made for the total flow of the mixture of fire products and air, concentrations of various chemical compounds, gas temperature, and optical transmission through smoke.
Chemical heat release rate, associated with the chemical reactions, is calculated from the generation rates of CO and CO 2 and consumption rate of O 2 [1, 2] .
Convective heat release rate, which is the component of the chemical heat release rate associated with the flow of hot fire products away from the chemical reaction zone, is calculated from the total mass flow rate, specific heat and gas temperature above ambient. 
Quantification in Small-Scale Experiments
In the experiments in our 50 kW-and 500 kW-Scale Flammability Apparatuses, materials are used e i ther as sheets or as sample "commod i ties" consisting of 0.1 x 0.1 x 0.1 m corrugated paper boxes with and without contents.
In the experiments, one to eight corrugated boxes, separated by about 0.013 m, are used on single and double racks.
The boxes are ignited at the lower edges and corner by a match.
Experiments are performed with or without external heat flux. For simulation of large-scale flame radiation conditions [13] , experiments are performed under forced flow conditions, where oxygen concentration of inlet air is increased to 30 to 40%. For fire suppression/extinguishment experiments, Halon and other gaseous agents are added to the inlet air. Water, on the other hand, is applied by an applicator located about 10 mm above the top of the commodity, such that there is 100% penetration of water to the burning surface.
Quantification in Large-Scale Experiments
In the tests in the 10,000 kW-Scale Flammability Apparatus the commodities consist of 0.53 x 0.53 x 0.53 m corrugated paper cartons, containing various types of products made from inert mater ials, metals and natural and synthetic polymeric materials [14] [15] [16] . The commodities are tested in eight pallet loads. Each pallet load consists of eight cartons, placed on top of a wooden pallet. The eight pallet loads are arranged in a 2 wide by 2 deep by 2 high configuration, (2x2x2 array), where each pallet load is separated by about 0.15 m from each other [14] [15] [16] .
The commodities are ignited at four inside corners of the bottom cartons in the center. Water is applied by an applicator about 0.3 m above the top [14] [15] [16] .
On the basis of heat release rates and water demand for fire suppression/extinguishment [15, 16] , ,the commodities are classified as Class I to IV and Groups B and A plastics\a .
EXPERIMENTAL RESULTS

Small-Scale Experiments
Several passive fire protection agents, incorporated into various polymeric materials and corrugated paper sheets and boxes, have been examined in our 50 kW-, 500 kW-and 10,000 kW-Scale Flammability Apparatuses.
In this paper, we have selected two passive fire protection agents, one for the corrugated paper sheets and boxes, identified as agent A, and the other for "Group B plastic commodity" identified as agent B. The active fire protection agent is water. As can be noted, fire propagation is very rapid for untreated corrugated boxes and the peak value of Q h is highest.
For treated boxes, the fire propagation r-ematns slow, beln~mslowest for the corrugated boxes with 20% by weight of agent A, although all of the boxes contain "Group A plastics commodity". It thus appears that due to slower initial fire propagation for the boxes treated with agent A containing "Group A plastics commodity", water is expected to be effective at a lower application rate than the "Group A plastics commodity". This prediction has been validated in the large-scale tests in the 10,000 kW-Scale Flammability Apparatus as discussed in the following section.
The mode of action of agent A in reducing the heat release rate appears to be chemical in nature. Fig. 6 shows a plot of average* YCO/Y CO values 2 versus the weight percent of agent A. The ratio increases with the amount of agent A, which is an indication that combustion becomes less efficient, resulting in the decrease in the average chemical heat of cornbust Ions s , as can be noted in the figure.
We have also examined the passive fire protection agent B. This agent reduces the chemical heat release of the sample of "Group B plastic commodity" by about 1/4th, and increases K t n value by about ten times. Its actions are very similar to those of agent A, and thus is also expected to be effective in enhancing the ease of fire control, suppression and extinguishment by water and by other agents. The effectiveness of agent B has been validated in the large-scale tests in the 10,000 kW-Scale Flammability Apparatus as discussed in the following section.
Large-Scale Experiments
Chemical and convective heat r e Lease rates at 65, 135 and 203 mi/m 2-s (0.1, 0.2 and 0.3 gpm/ft 2 ) of water application rates have been measured for "Class I to I V and plast ics commodi t ies" in the 10,000 kW-Scale Flammability Apparatus [15] .
In this paper we have used the one minute average of the peak chemical and convective heat release rates reported in Ref. 15 , to establish generalized relationships between heat release rates and water application rates. All the data pr-esent.ed in this paper are calculated from these generalized relationships . * Y is the average yield, defined as the ratio of the total amount of the product generated to the total amount of the material vaporized.
1I11
Average chemical heat of combustion is defined as the ratio of the total chemical energy generated to the total amount of material vaporized.
Figs. 7 and 8 show the calculated chemical and convective heat release rates at various water application rates.
The heat release rate decreases wi th increase in the water app l i ca tion rate.
For effect ive fire control, suppression and extinguishment for the test conditions and "commodity" arrangement in the 10,000 kW-Scale Flammability Apparatus, the calculations show that chemical and convective heat release rates need to be reduced to or below about 4 and 2 MW, respect i vely.
The calculations show that for "Class I commoditY":2 this conditio~is expected to be achieved quite easily by applying 65 mUm -s (0.1 gpm/ft ) of water to the top of the "commodity" arrangement.
For "Group A plastic commodity", which has the highest chemical heat release rate, the calculations show that a water application rate of about 323 mUm 2 -s (0.48 gpm/ft<') is needed for effective fire control, suppression and ex t i nguishment. Thus, higher the heat release rate (fire propagation velocity) higher is the water application required for effective fire control, suppression and extingu~shment. Reduction in the heat release ra te by passive f'Lre protection agents, thus would be complementary to water.
The data in Fig. 8 show that in the presence of agent A, "Group A Plastic Commmodity" behaves similarly to "Class IV Commodity" and in the presence of agent 13, "Group 13 plastic commodity" behaves similarly to "Class II I commodity". The calculations show that for effective fire control, s~p pression and extinguishment, water applica~ion rates of about 323 mUm -s (0.48 gpm/ft 2) and 280 mUm 2-s (0.42 gpm/ft ) would be required for "Group A and 13 plastic commod i t Ie s'", whereas with passive fire protection using agents A and !' the water a~lication rate required would be reduced to about 280 m~/m -s (0.42 gpm/ft ) and 205 m~/m2-s (0.30 gpm/ft 2), a very sign i fi cant decrease for comrnercia1l industrial fire protect ion.
The r esul ts thus indicate that effective passive fire protection techniques, if developed by incorporation of the agents chemically into materials and products, would be complementary to the ac t i ve fire protection techniques for commercial/industrial fire protection. 
CONCLUSIONS
1.
It is possible to develop effective passive fire protection techniques, by incorporating the agen ts chemically in to mater ials and products, which are complementary to active fire protection techniques for commercial and industrial applications for fire control, suppression and extinguishment.
2. The effective passive fire protection techniques utilizing chemical modifications of the materials and fire retardant additives increase resistance to: a) ignition and fire propagation, by increasing the critical heat flux for ignition and thermal response parameter, and b) fire propagation by reducing the heat release rate.
3. The effective passive fire protection techniques, utilizing chemical modifications of the materials and fire retardant additives interacting in the solid phase are also expected to be effective in reducing non-thermal fire hazards (hazards due to smoke, toxic and corrosive products) due to the reduced rate of generation of fire products.
